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ABSTRACT
1B

In this thesis, a new model based on Artificial Neural Network (ANN) is used to predict the
propagation characteristics of plasmonic nanostrip and coupled nanostrips transmission lines.
The trained ANNs are capable of providing the required outputs with good accuracy. The
nonlinear mapping performed by the trained ANN is written in the form of closed form
expressions for the different characteristics of the lines under investigation. These characteristics
include the effective refractive index and the characteristic impedance. The plasmonic coupled
nanostrips transmission line is used as a new sensor that that senses variation in the refractive
index with accuracy of 10−6μm (The accuracy is defined as the change in the coupling length
divided by the change in the cladding material refractive index). In addition, an optimal new
design for polarization rotation based on the coupled nanostrips is introduced and characterized.
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1

INTRODUCTION
2B

The surface plasmon wave is the coupling that occurs between the oscillation of electrons in
close to the surface of a metal dielectric interface and the oscillation of the dipoles in the
dielectric material excited by the propagation of electromagnetic wave. The coupling between
the two oscillations forces the propagating wave to be confined in a narrow region around the
metal dielectric interface. This physical phenomenon can be noticed only at wave lengths in the
visible light range. As the periodic time of the wave is less than the time needed by electrons to
go beyond the main free path and make a collision dissipating its momentum as thermal energy,
the electron will keep oscillating making the skin depth significant enough to be considered. So
the metal will act like dielectric material but with negative permittivity. The polarization field of
the metal has a phase shift of π with respect to the excitation field. The phase difference between
the wave in the metal and the wave in the dielectric will trap the wave to be confined very close
to the interface between the metal and dielectric. The confinement of the field is in the subwavelength range in the order of 10% of the wave length.
In the last decade, the research in plasmonic devices increased dramatically. The rationale
behind this increase is that the researchers believe that plasmonic devices can serve as efficient
replacement for semiconductor electronic devices in optical systems. This can be attributed to the
advantages of plasmonic devices, such as small footprint and the ability to work at higher
frequencies compared to semiconductors [1]. The only disadvantage of plasmonic devices is
relatively high losses due to the partial wave propagation through lossy metals. These losses
reduce the propagation length drastically. Recently, many plasmonic waveguides with size less
than 50 nm and propagation length of more than 100 μm is introduced in literature [1]. This cut
through make plasmonic devices more promising and more attractive research field.
Many plasmonic waveguides were presented in the literature with different structures,
such as infinite metal insulator metal MIM, nanostrip above a ground metal plate, slot in a metal
film, tapered nanostrip, tapered slot, dielectric loaded metal film, and many other combinations
of these primitives. The main problem to engineer the dimensions of these structures is the
15

computational time needed to compute the modal solutions. This modal solution can be obtained
by the finite element method (FEM), or the finite difference time domain (FDTD) in tens of
seconds for a single structure. Consequently, to obtain all the optimum dimensions of a
transmission line structure, nested sweeps along a number of geometrical dimensions is needed,
which consumed considerable amount of time. The majority of commercial full-wave solvers are
appropriate for analyzing a structure rather than to optimize its performance. This difficulty can
be overcome using a general nonlinear mapping tool such as the Neural Networks (NN) [2].
In this research, a coupled nanostrips plasmonic waveguide is investigated. This
waveguide supports two propagating modes, the even and odd modes. The advantage of this line
is the relatively low loss if compared with the conventional infinite metal insulator metal (MIM)
structure. This results in significant increase in the propagation length. The two fundamental
modes are simulated using two commercial mode solvers in order to validate the obtained
results. The geometrical parameters of the line under investigation are swept to investigate their
effect on the modal effective refractive index, losses, and modal characteristic impedance.
The spacing between the coupled strips can be filled with any type of material for
biomedical sensing. The significant variation that occurs in the refractive index of the odd mode,
makes it possible to identify the type of the filling material via good calibration. The power
exchange between the two propagating modes of the coupled nanostrips line with different
lengths is investigated, and a high accuracy sensor is designed based on this exchange.
Finally, a new optimal omega-shaped polarization rotator based on the coupled nanostrips
line under investigation, is introduced in the last chapter. The proposed rotator has length of 920
nm, compared to 1 μm which is the current state-of-the-art for polarization rotators. The insertion
loss within this novel rotator is only 1 dB below a coupled nanostrips line with the same length.
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2

METAL INSULATOR (MI) PLASMONIC WAVEGUIDE
3B

The MI waveguide has a single interface between the infinite metal and dielectric layers. It is
intuitive that the MI structure provides single dimensional confinement of the electromagnetic
fields. Although the MI waveguide is not appropriate for circuits, it has great interest as it can be
considered as the basic building block for the two dimensional electromagnetic field
confinement. Starting from Maxwell’s equations, closed form expression of neff of the
propagating surface wave mode can be obtained. The effective refractive index, neff, is defined as
the ratio between the velocity of electromagnetic wave propagation in free-space to its velocity
of propagation along the MI waveguide. Although the following formulation is presented already
in many references [3], we preferred to add it for completeness and with very detailed
explanation for each step to allow the reader to follow every detailed step.
Writing Maxwell’s equations (1)-(4), where
field, H is the magnetic field,

is the displacement vector,

is the magnetic flux density,

per unit area stimulating the system, and

ext

ext

is the electric

is the external current density

is the external stimulating volume charge density

[3]

∇.D = ρext

(1)

∇.B = 0

(2)

∇× E = −

∂B
∂t

∇ × H = J ext +

(3)
∂D
∂t

(4)

The displacement vector is the sum of the external electric displacement and the polarization
moment

according to (5). Substitute by (7) and (8) into (5), to get (9):
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D = ε0 E + P
H=

1

μ0 μ

(5)

B

(6)

P = ε0χ E

(7)

ε = 1+ χ

(8)

D = ε 0ε E

(9)

Taking the curl of (3) and substituting by (6) and (4) to obtain equation (10) assuming that
and

, as there is no external stimulation by charge or current sources. Using

the vector identities (12) and (11) we can get the wave equation (13).

∇ ×∇ × E = − μ0

Assume that

∂2 D
∂t 2

(10)

∇×∇× E = ∇ ( ∇.E ) −∇2 E

(11)

∇. ( ε E ) = E .∇ ε + ε ∇.E = 0

(12)

∂2 E
⎛ 1
⎞
∇ ⎜ − E.∇ε ⎟ − ∇2 E = −μ0ε 0ε 2
∂t
⎝ ε
⎠

(13)

is approximately constant with r we get (14), which is the vector

Helmholtz’s equation, where

.

∇2 E −

ε ∂2 E
c ∂t 2

=0

(14)

This Helmholtz’s equation is going to be used to solve for the propagating surface plasmon mode
confined to the single Metal Insulator MI interface. The MI waveguide is shown in Fig. 1. It
18

consists of two adjacent layers: one is metal, and the other is dielectric. The MI is aligned with
the xyz axes such that the discontinuity in material is along the z-direction. Assuming that the
surface wave mode is propagating along the x-direction and there is no variation along the ydirection. The metal-dielectric interface is located at

0.

Fig. 1. The metal insulator (MI) plasmonic waveguide.
Assuming time-harmonic dependence with a time factor

ω

, such that the

electromagnetic fields can be expressed as E H (r , t ) = E H (r )eiωt . The surface wave is assumed
propagating along the x-direction with no variation along the y-direction, such that:
E H ( r ) = E H ( z )eiβ x , where β is the unknown propagation constant. Imposing these time and
space dependencies on (14), it can be rewritten as follows

∂2 E( z)
− ( k02ε − β 2 ) E = 0
2
∂z
where

,

0,

, and

(15)

. Furthermore, the assumed time and space

dependencies allows one to rewrite (3) and (4) in component forms as expressed in (16)-(21).
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∂E y

= −iωμ0 H z

(16)

∂Ex
− i β Ez = iωμ0 H y
∂z

(17)

i β E y = iωμ0 H z

(18)

∂z

∂H y
∂z

= iωε 0ε Ex

(19)

∂H x
− i β H z = −iωε 0ε E y
∂z

(20)

i β H y = −iωε 0ε Ez

(21)

Although (16)-(21) together with the tangential field continuity at the single interface
form a consistent system of equations, it is easier to split them into superposition of TM and TE
sub-systems. For the TM mode, the only non zero field components are
the TE mode, its nonzero components are

,

,

,

,

. As for

.

For the TM mode, the set of equations are [3]:

−i ∂H y
= Ex
ωε 0ε ∂z
−β

ωε 0ε
∂2 H y
∂z

2

(22)

H y = Ez

(23)

+ ( k02ε − β 2 ) H y = 0

(24)

The TE mode is described by the following equations:
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−i ∂H y
= Ex
ωε 0ε ∂z
−β

ωε 0ε
∂2H y
∂z

2

(25)

H y = Ez

(26)

+ ( k02ε − β 2 ) H y = 0

(27)

For the TM system, the solution of equation (24) gives rise to Hy component that are varying
exponentially along z, according to (28) and (31). Substituting (28) and (31) into (25) and (26),
results in the other two field components, Ex and Ez, expressed in (29), (30), (32), and (33).
For z > 0:
H y ( z ) = A2 e i β x e − k 2 z

E x ( z ) = iA2

1

ωε 0ε 2

Ez ( z ) = −iA2

(28)

k 2 e i β x e − k2 z

(29)

ei β x e − k2 z

(30)

1

ωε 0ε 2

For z < 0:
H y ( z ) = A1e i β x e k1 z

Ex ( z ) = iA1

1

ωε 0ε 2

Ez ( z ) = −iA1

The two constants

(31)
k2 eiβ x ek1z

(32)

eiβ x ek1z

(33)

1

ωε 0ε 2

are the wave vectors along z-direction for the metal and dielectric

regions, respectively.
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Similarly, the filed components for the TE system can be written as follows:
E y ( z ) = A2 e i β x e − k 2 z

H x ( z ) = iA2

1

ωμ0

H z ( z ) = −iA2

(34)

k 2 e i β x e − k2 z

(35)

ei β x e − k2 z

(36)

1

ωμ0

For z > 0, and the following set for z < 0
E y ( z ) = A1e i β x e k1 z

H x ( z ) = iA1

1

ωμ0

H z ( z ) = −iA1

(37)

k2 eiβ x ek1z

(38)

eiβ x e k1z

(39)

1

ωμ0

where the wave vectors along z within the metal and dielectric layers are
Imposing the continuity of the tangential field components,

, respectively.
, for the TE system,

results in

A1 ( k1 + k2 ) = 0

(40)

Since the field should decay exponentially as we move away from the interface in both semiinfinite regions, the real parts of k1 and k2 are positive, which leads to

0. Hence,

physical TE solution does not exist for such plasmonic MI structure.
The equations of the TM system can be solved by forcing the tangential Hy and Ex
components to be continuous along the interface. After some manipulation, the following
relationships can be easily obtained:
22

A1 = A2

(41)

k2
ε
=− 2
k1
ε1

(42)

According to (24), the following relationships between propagation constants can be written:
k12 = β 2 − k02ε1

(43)

k 22 = β 2 − k02ε 2

(44)

Substitute (43) and (44) into (42), results in the following dispersion equation for the TM surface
plasmons [3]:

β = k0

ε 2ε1
ε1 + ε 2

(45)

Using the measured ε1 of Ag according to Johnson and Christy [4], the dispersion
relationship of (45) together with the homogeneous air line are plotted in Fig. 2. The frequency
at which β tends to ∞ is known as the surface plasmon frequency, ωsp, at which the surface
plasmon is not moving, i.e. stationary. Only at this specific frequency, the electrostatic Laplace
equation can be used and results in the same field distribution. Setting (ε1+ε2) equal to zero,
which leads to infinite β and zero propagation velocity, leads to the following expression of the
surface plasmon frequency:

ωsp =

ωp

(46)

1+ ε2

ωp is the plasma frequency of the free electron gas.
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ωsp

Fig. 2. The dispersion relation of the MI Ag dielectric interface. The Ag permittivity is according to
Johnson and Christy [4].
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3

METAL INSULATOR METAL (MIM) AND INSULATOR METAL

INSULATOR (IMI)
The MIM and IMI are considered as combinations of two MI structures. These structures support
two propagating modes. One of these modes has fields that are confined at the two interfaces, as
if the MIM and IMI look like two isolated MI. The other mode supported by the MIM and IMI
possesses fields that are confined mainly within the middle layer, which indicates significant
coupling between the fields of the MI forming the composite structure. Although the following
formulation is presented already in many references [3], we preferred to add it for completeness
and with very detailed explanation for each step to allow the reader to follow every detailed step.
As shown in Fig. 3, there are three layers of infinite extension along x- and y-directions. The
sandwiched layer is centered at z = 0 and extended from –a to a

z
a

Layer 3
Layer 1

x

-a
Layer2

Fig. 3 Schematic for MIM or IMI made up of three layers infinitely extended along x- and ydirections.

Similar to the MI structure, the TM solution for z > a is as follows:
H y ( z ) = A3 e i β x e − k3 z

(47)
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Ex ( z ) = iA3

1

k3eiβ x e − k3 z

(48)

β
eiβ x e − k z
ωε 0ε 3

(49)

ωε 0ε 3

Ez ( z ) = − A3

3

The solution for z < −a take the following form [3]:
H y ( z ) = A2 e i β x e k2 z

Ex ( z ) = −iA2
Ez ( z ) = − A2

1

ωε 0ε 2

(50)
k 2 ei β x e k2 z

(51)

β
ei β x e k z
ωε 0ε 2

(52)

2

As for the middle layer, −a < z < a , the dependency on z should be in the form of two
exponential functions with opposite signs. Both functions are acceptable in the middle layer as z
= ±∞ is not included in this layer:
H y ( z ) = ( A11e k1 z + A12 e − k1 z ) e i β x

E x ( z ) = ( A12 e − k1 z − A11e k1z )
E z ( z ) = ( A11e k1z + A12 e − k1 z )

i

ωε 0ε 1

(53)
k1eiβ x

β
eiβ x
ωε 0ε 1

(54)

(55)

Applying the boundary conditions at z equals a and –a, which require the continuity of
H y and Ex , results in [3]:
e − k3a A3 + e k1a A11 + e − k1a A12 = 0
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(56)

k3e − k3a

ε3

A3 −

k1e k1a

ε1

A11 +

k1e − k1a

ε1

(57)

A12 = 0

(58)

e − k2 a A2 + e − k1a A11 + e k1a A12 = 0

− k 2 e − k2 a

ε2

A2 −

k1e − k1a

ε1

A11 +

k1e k1a

ε1

(59)

A12 = 0

The following dispersion relationships can be written for the three layers:
k12 = β 2 − k02ε1

(60)

k 22 = β 2 − k02ε 2

(61)

k32 = β 2 − k02ε 3

(62)

Inserting (56)-(58) into (59), the expansion coefficients A12, A11, A2, and A3 can be
obtained:

A12 = ( ε 2 k1 + ε1k2 ) ek1a +

(ε3k1 − ε1k3 ) e−3k a ε k − ε k
(
)
(ε 3k1 + ε1k3 ) 1 2 2 1
1

(63)
(64)

(ε k − ε k )
(ε k − ε k )
A11 = ( ε 2k1 + ε1k2 ) 3 1 1 3 e−k a + ( ε1k2 − ε 2k1 ) 3 1 1 3 2 e−5k a
(ε3k1 + ε1k3 )
( ε3k1 + ε1k3 )
2

1

1

(ε k − ε k )
(ε k − ε k )
A2 = − ( ε 2 k1 + ε1k2 ) 3 1 1 3 e k a − 2 k a − ( ε1k2 − ε 2 k1 ) 3 1 1 3 2 e k a −6 k a
(ε 3k1 + ε1k3 )
(ε 3k1 + ε1k3 )
ε 3k1 − ε1k3 ) ek a −2 k a
(
k a+2k a
− ( ε 2 k1 + ε1k2 ) e
−
(ε1k2 − ε 2 k1 )
(ε 3k1 + ε1k3 )
2

2

1

2

2

2

(65)

1

1

1

⎛ (ε k − ε k ) ⎞
⎛ ε k −ε k ⎞
ε k −ε k
A3 = − ⎜ 1 + 3 1 1 3 ⎟ ( ε 2 k1 + ε1k2 ) e k3a − ⎜ 1 + 3 1 1 3 ⎟ ( ε1k2 − ε 2 k1 ) 3 1 1 3 e k3a − 4 k1
ε 3 k1 + ε1k3
⎝ (ε 3 k1 + ε1k3 ) ⎠
⎝ ε 3 k1 + ε1k3 ⎠
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(66)

Substitute (63), (64), and (65) into (47) and (53) and apply the boundary condition of continuity
of H y at z = a:
A11e k1a + A12 e − k1a = A3e − k3a

(67)

⎛ ε 3 k1 − ε 1k3 ⎞ ⎛
⎞
ε 3 k1 − ε 1k3 −4 k1a
e
+ ( ε 2 k1 + ε 1k 2 ) ⎟
⎜1 +
⎟ ⎜ ( ε 1k 2 − ε 2 k1 )
ε 3 k1 + ε 1k3
⎝ ε 3 k1 + ε 1k3 ⎠ ⎝
⎠
⎡⎛ ε k − ε k ⎞
⎤
⎛ ε k −ε k ⎞
ε k −ε k
= − ⎢⎜ 1 + 3 1 1 3 ⎟ ( ε 2 k1 + ε 1k 2 ) + ⎜ 1 + 3 1 1 3 ⎟ ( ε 1k 2 − ε 2 k1 ) 3 1 1 3 e −4 k1a ⎥
ε 3 k1 + ε 1k3
⎝ ε 3 k1 + ε 1k3 ⎠
⎣⎝ ε 3 k1 + ε 1k3 ⎠
⎦

(68)

( (ε k − ε k )(ε k − ε k ) e + (ε k + ε k )(ε k + ε k ) ) =
− ( (ε k + ε k )(ε k + ε k ) + ( ε k − ε k )( ε k − ε k ) e
)

(69)

1 2

2 1

2 1

1 2

3 1

3 1

1 3

1 3

−4 k1a

3 1

1 2

1 3

2 1

2 1

3 1

1 2

1 3

−4 k1a

2 ( ε1k2 − ε 2 k1 )( ε 3k1 − ε1k3 ) e−4 k1a = 2 ( ε 2 k1 + ε1k2 )( ε 3k1 + ε1k3 )

e −4 k1a =

( ε 2 k1 + ε1k2 )( ε 3k1 + ε1k3 )
( ε 2 k1 − ε1k2 )( ε 3k1 − ε1k3 )

(70)
(71)

For the case ε 2 = ε 3 and k2 = k3 we get

(ε k + ε k )
= 21 1 2 2
(ε 2k1 − ε1k2 )

2

−4k1a

e

e −2 k1a =

ε 2 k1 + ε1k2
ε 2 k1 − ε1k2

− (1 + e −2 k1a ) ε1k2 = (1 − e−2 k1a ) ε 2 k1

−

ε1k2 1 − e−2k a
=
ε 2k1 1 + e−2k a

(72)
(73)

(74)

1

1

(75)
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tanh k1a = −

k 2ε 1
k1ε 2

tanh k1a = −

k1ε 2
k 2ε 1

(76)
(77)

The dispersion relationship (76) of an Ag MIM plasmonic waveguide is plotted together
with the air line in Fig. 4. The ωsp line at which both phase and group velocities are zero is also
drawn in Fig. 4.

wsp

Fig. 4. The dispersion relation of the Ag MIM plasmonic waveguide with 50 nm air insulator.
The Ag permittivity is according to Johnson and Christy [4].
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4

ARTIFICIAL NEURAL NETWORK (ANN)

The ANN is considered as universal function approximator that doesn’t need predefined function
to fit over the original function. Instead ANN uses set of weights divided on multi layer that have
different transformation function to fit over any function shape with no need to determine
specific polynomial or basis to use [5]. In other words, the normal curve fitting problem needs to
make a guess to choose specific parameterized function like polynomial or exponential according
to the data and fit the parameter of the polynomial to the given data. In contrast, ANN doesn’t
need to make guess or identification for any parameterized function in advance as it directly can
be fitted on any data. In this chapter we present a literature review for different type of ANN
with explanation for each variable and parameter. The last section of the chapter presents a
complete literature review of the application of ANN in microwave as we couldn’t find any
applications of ANN in plasmonics.
The neural network is inspired by the human brain learning system. Although there is no
complete theory about the human brain learning operations, but there are some theories that try
to explain these learning operations. The most common theory, expect that the learning process
is done by tuning the interfaces between the brain cells over time that make the output of neuron
appropriate to do specific operation according to specific input. The process is not that simple as
the human brain contains billion of cells and single cell has tens of thousands of adjacent cells
interfacing with it. The area of the interface between the neuron determines the electric current
that pass from one cell to the other. The brain changes that interfaces over time to control the
current to learn some ability. The human brain contains hundreds of billions of cells each set of
cells are tuned over time to do some actions according to given inputs.
As we mention before the ANN is a set of nodes each node have set of input and a
combination function to produce the output as function of the input multiplied by set of weights.
These weights are determined by optimization algorithm that tries to minimize the error between
the ANN output and the actual output according to (78), where Yit: is the actual training output
for sample i, where Yi: is the ANN output for sample i, W: the weights of the ANN, Xi : the input
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for training sample i. The general network topology is demonstrated in Fig. 5. The network is
called feed-forward Multi Layer Percepton MLP as it consists of one input layer [5], multi
hidden layer and one output layer. Each layer contains set of nodes called perceptons. Each node
is fully connected to each node in the next layer. At each node the inputs are multiplied by
specific weights and transfer function is applied to the weighted sum called activation function.
There are many variations for the activation function like simple linear sigmoid and tan sigmoid.
The MLP have many variations that differ in the topology and activation function. In addition,
there are many training algorithms that are appropriate for each architecture or training data
complexity. In the following section we will explain different types of MLP and training
algorithms.

S (W ) = ∑(Y t i − Yi (W , X i ) )

2

(78)

N

Input Layer

Hidden Layer

Hidden Layer

X1
Output Layer

Yi

Xi

XN

Wieghts
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Fig. 5. The block diagram of feed-forward MLP

4.1

Back Propagation Neural Network
12B

Back Propagation Neural Network has forward connections between layers with no feedback
from any layer to a previous layer. This constrain make the topology simple and easy to fit
compared to more complex architecture like recurrent neural network. This topology is
appropriate for linear or nonlinear non periodic functions. The back propagation training
algorithm is divided into two passes: the first pass used to update the output of the neurons
according to the current weight. The second pass updates the weights according to the error in
the previous pass.
Assuming a network of three layers: output layer K and one hidden layer J and I. Each
one has set of nodes equal to C. Assume we have the N training patterns of values d1 to dn each
is vector of P values. The error of training one sample n at the output layer is e(n) defined as

ek (n) = d n − yk (n)

(79)

e( n) =

1
∑ ek 2
2 k =c

(80)

eavg =

1
N

(81)

∑

n

e( n )

The yk(n) is the output of node k in layer K which is the equivalent to the value of the activation
function Q at node k which is feed by the weighted sum of the input of layer J according to

yk (n) = Q ( vk (n) )

(82)

vk ( n) = ∑ j = c wkj y j ( n)

(83)
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The differentiation of the error ek weights of layer K will be defined as
∂e( n)
∂e( n) ∂ek ( n) ∂yk ( n) ∂vk ( n)
=
∂wkj ( n) ∂ek ( n) ∂yk ( n) ∂vk ( n) ∂wkj

(84)

∂e ( n )
= ek ( n)
∂ek ( n)

(85)

∂ek ( n)
= −1
∂yk (n)

(86)

∂yk ( n)
= Q ' (vk ( n))
∂vk ( n)

(87)

∂e ( n )
= y j (n)
∂wkj ( n )

(88)

∂e ( n )
= −ek ( n)Q ' (vk ( n)) y j ( n)
∂wkj ( n)

(89)

∂e ( n )
= δ k ( n) y j ( n)
∂wkj ( n)

(90)

δ k ( n) = −ek ( n)Q ' (vk ( n))

(91)

δ k (n) is the local gradient. The correction used to update of the weights wkj in the second pass
will be defined as
Δwkj ( n) = −η

∂e( n)
∂wkj ( n)

(92)
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η is the learning rate of the algorithm. This formulation will be recursively propagated backward
to layer J. Simple manipulation we can get the following definition for layer J.
∂e( n)
∂w ji ( n)

(93)

∂e ( n )
= δ j ( n ) yi ( n )
∂w ji ( n)

(94)

δ j (n) = −Q j (v j (n))∑ δ k (n)wkj (n)

(95)

Δw ji ( n) = −η

k

Equation (96) is the generic formula for the local gradient at any node that can be used in
the back pass [6]. As we can the algorithm is not optimal but it gives good result in many bench
marks and it have a very wide spread in the literature. Since 1974, after the paper published by
Werbose that introduced the Back propagation algorithm [7], many researchers have investigated
the topic of back propagation. There are many researches that propose new techniques to
improve the original algorithm efficiency [8] and speed [9].

4.2

Radial Basis Function Neural Network
13B

Radial Basis Function Neural Network RBFNN is another common type of neural networks that
is considered as MLP with one hidden layer [5]. The main difference between RBF and MLP is
that the hidden layer activation function is radial basis which is real valued function that has
value that depend of the distance between the input and some origin. The most common RBF in
literature is the Gaussian PDF. The output layer is linear combination of the RBF. The rationale
behind this idea is that it gives lower weight to the inputs that are far from the origin or the mean
value of the distribution.
Park and Sandberg [10] proved that RBFNN is universal approximator for any real
bounded integrable function G(x) such that
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∫ G ( x)dx ≠ 0

(96)

There is a RBFNN of common width σ and center ti is the form
⎛ x − ti ⎞
f ( x ) = ∑ wi G ⎜
⎟
⎝ σ ⎠

(97)

That is closed to G(x). The problem of that kind of approximators that the complexity of the
network increase exponentially with input dimensions divided by the smoothing parameter σ. So
in case of higher dimension input vector the smoothing parameter has to increase to reduce
complexity [11]-[12]. The reduction of smoothing parameter has side effect which is increasing
the net error.

4.3

Generalized Regression Neural Network
14B

Generalized Regression Neural Network GRNN is statistical based neural network that estimate
the joint probability of the input and output to compute the posterior probability of the output.
The interpretation of the output of GRNN is that most probable output given the input data. The
main parameter of the GRNN is the smoothing parameter that determines the degree of the
smoothness of the output distribution. In other word represent the probability of sharp change in
the output data. The GRNN has great focus in research during the last few years because it show
reliable results in most of the bench marks even in small size of data as the estimate probability
surface of the GRNN is defined even at single sample as we will see later.
As we mention before, the output of the GRNN for sample i is defined as the expectation
of the Yi given Xi according (98), where f(X,Y) is the joint probability of the input and output
[13]. The joint probability of the input and output is not known and has to be estimated from the
data. There are many methods in literature that give estimate for the PDF from data [14]-[15].
The estimate of the joint probability f’(X,Y) is defined in (99) according to [14]. This definition
can be interpreted as if each training sample has a complete Gaussian distribution of width σ and
the overall distribution is the multiplication of these PDFs. That why the method of GRNN is
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appropriate for any small number of data as even in case of one sample still the joint probability
have a definition.
∞

∫
E[Y | X ] =
∫

−∞
∞

Yf ( X , Y )dY

−∞

f ( X ,Y ) =
n

(

(98)

f ( X , Y )dY
1
2π σ

n

)

( p +1)

∑e

−

( X − X i )T ( X − X i )(Y −Y i ) 2
2σ 2

i =1

(99)

Substitute by (99) in (98) we get (100) and we can simplify the results by analytical integration
with respect to Y we get (101). This result can interpreted as the results of the GRNN is a
weighted sum of all the samples.
⎡
1
⎢
∑
⎢
i =1 n
2πσ
⎢⎣
E[Y | X ] =
⎡
n
1
⎢
∑
⎢
i =1 n
2πσ
⎣⎢
n

⎡
⎢
∑
⎢
i =1 n
⎢⎣
E[Y | X ] =
⎡
n
⎢
∑
⎢
i =1 n
⎢⎣

⎤
⎥
2σ
e
( p +1)
∫−∞ Ye 2σ dY ⎥
⎥⎦
⎤
( X − X i )T ( X − X i )
( Y −Y i ) 2
−
∞ −
2σ 2
2σ 2
e
dY ⎥
( p +1)
∫−∞ e
⎥
⎦⎥
−

(

)

(

)

n

(
(

Yi
2πσ
1
2πσ

( p +1)

)

( p +1)

∞

2

⎤
⎥
e
⎥
⎥⎦
( X − X i )T ( X − X i ) ⎤
−
⎥
2σ 2
e
⎥
⎥⎦
−

)

( X − X i )T ( X − X i )

−

( Y −Y i ) 2
2

(100)

( X − X i )T ( X − X i )
2σ 2

(101)

The GRNN is feed-forward MLP with one hidden layer. The input layer is considered as
scaling and distribution layer, the hidden layer (called the pattern layer) that do the main
functionality of the GRNN as each node represent one training sample. The evaluation of the
output of the hidden layer can be done in parallel as it is simple subtraction operation. Each
sample enter the GRNN will be subtracted from each pattern layer node stored value. The result
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of the pattern layer will feed to exponential activation function and feed to the output layer. Then
the output layer does the addition operations Fig. 6.
The disadvantage of GRNN that it has one node for each training pattern that mean for
large data it will not be affordable to be applied. There are many proposed solution for this
problem. The data size can be reducing by selecting data representatives [16]. A clustering
algorithm can be used to group the similar data like adaptive k-means [17], k-mean averaging
[18].
The advantage of this approach is that there is no need for the training step but the
disadvantage that we have the smoothing parameter σ that control the width of the contribution
of each training sample. This parameter has to be estimated experimentally for each set of data to
choose the appropriate value. For a complete discussion of the methods of selecting σ see [19].

Input Layer

Pattern Layer

Summation Layer

X1
Output Layer
Yi

Xi

XN

Scaled X

eX-Xi

Fig. 6. The block diagram of General Regression Neural Network
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4.4

Levenberg–Marquardt Algorithm
15B

Levenberg –Marquardt algorithm is a more robust version of the steepest decent method in the
sense that it reaches an optimal solution even if the initial value of the weights was away from
the optimal one. The error function of the MLP is defined in (102). The weights will be updated
in the next iteration by the correction step δ . The approximation function f(W+ δ ,X) can be
approximated by Taylor series expansion (103). Take the differentiation like the steepest decent
algorithm we get (105).

E(W ) = (Y − F (W , X ))

2

E(W + δ ) = (Y − F (W ) + Jδ )
J=

(102)

2

∂f (W , X )
∂W

(103)

(104)

J T J = J T (Y − F(w))

(105)

All the above formulation (105) is the same as steepest decent. Levenberg–Marquardt just
replaced (105) with the more reliable damped version (106). λ is the damped parameter and is
updated iteratively according to the speed of convergence of the algorithm [20].

(J T J + λI )δ = J T (Y − F(w))

(106)

Then Levenberg –Marquardt gave more investigation in the construction of the error function
and introduced more complex version of (106) that scale the damping factor by the diag of the
Jacobean matrix.

(J T J + λdiag(J T J ))δ = J T (Y − F(w))
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(107)

This algorithm with the damped factor is more robust than the other algorithm like steepest
decent or Gauss Newton algorithm.
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4.5

Neural Network for Microwave Circuit Design
16B

Many papers in literature targeted the use of ANN in the field of microwave circuit element
design and optimization. In contrast it is rarely in the field of optics to find a paper that
investigated the use of ANN. Specially plasmonic as there is not any research that covers this
point in the area of plasmonics. In the following we will cover the current state of art in this area.
For complete state of the arte survey and complete discussion of ANN for microwave
engineering see [21][22][23].
The ANN is applied to majority of microwave circuit element. An inverse model for filter
in microwave range by reverse engineering ANN is investigated in [24]. Another study used
higher dimension ANN to model microwave filter and used the ANN to design optimal version
of the filter [25] [26]. Modeling the characteristic impedance and the effective permittivity of
coplanar strip line is demonstrated in [27]. ANN MLP is applied to micro strip line modeling in
[28]. The inverse model that predicts the coplanar line dimension that achieves certain
impedance value is studied in [29]. Optical directional coupler modeling using ANN is
investigated in [30]. Another multilayer coupler in the microwave range is designed using MLP
in [31]. Microwave mixer design is discussed in [32]. 180 hybrid ring coupler design using MLP
is introduced by [33].
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5

NANOSTRIP PLASMONIC TRANSMISSION LINE
6B

In this chapter, a complete investigation for the effect of changing the nanostrip line dimensions
on the characteristics of the line is presented. Some of this dimension is investigated for the first
time like the metal thickness. A new model for the nanostrip line using ANN is presented for the
first time in literature with all of the details that allow the reader to build it again and use it. A
close-form expression for the characteristics of the line as function of the dimensions is
presented by reverse engineering the ANN model.
The nanostrip plasmonic waveguide is shown in Fig. 7. This structure consists of a metal
strip with width (w) and thickness (t) located on top of a dielectric layer with thickness (d) and
backed by a laterally infinite metal film. The thickness of the metal strip and the metal grounded
plane is the same. The whole structure is supported by a passive dielectric substrate which should
not carry significant electromagnetic fields if the metal film is thick enough to act as an efficient
shield. The field is confined mainly within the insulator layer between the top metal strip and the
infinite metal film. The distributions of electric fields of the fundamental and second order
propagating modes are shown in Fig. 8. It is clear that the fields are concentrated in the
dielectric layer between the two metallic sides, and decay exponentially outside this region, as
expected. The second propagating mode is turned on when the strip width w exceeds 250 nm, as
shown in Fig. 9.
W
Metal Strip
d

t

Dielectric Layer (n)

t

Metal film

Substrate
y
x

Fig. 7. Physical structure of the nanostrip plasmonic transmission line. The single strip with
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metal plane structure with identification for different dimensions.

(a)

(b)

Fig. 8 (a) Distribution of the total electric field for Ag [4] nanostrip with w = 300, t = 30, and d
= 30 nm, frequency 193.54 THz for the fundamental mode (b) Distribution of the total electric
field for the second order mode same configuration as (a).

Fig. 9. The sweep of the effective refractive index (neff) of the fundamental and second order
modes versus the strip width (w) for Ag [4] nanostrip with w = 300, t = 30, and d = 30 nm,
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frequency 193.54 THz.
The electric filed components, Ex, Ey, and Ez of the first and second order modes of the
nanostrip line, are plotted in Fig. 10. The Ex component is asymmetric around the y-axis for the
fundamental mode, and symmetric for the second order mode. On the other hand, the Ey
component is symmetric for the fundamental mode, and asymmetric for the second order mode.
The Ez component is the best component that could identify the modes as it is proportional to the
longitudinal current Jz along the two metal sides of the transmission line. It is clear that the
strip’s current is always opposite to the ground plane current, as expected for such structure. The
magnitudes of the total electric fields of both modes are also shown, where it can be easily verify
that it is concentrated mainly in the dielectric region. Generally, the field distribution of the
second order mode can be considered as doubling, with odd symmetry, the distribution of the
fundamental mode. This behavior is very similar to the relationship between a higher order mode
pattern and the pattern of the fundamental mode of a cylindrical waveguide [34].

(a)

(b)
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(c)

(e)

(d)

(f)

Fig. 10. The electric field component of the fundamental and second order mode at w = 300(nm)
and d = 100(nm) at λ = 1.55nm and dielectric refractive index n = 1.5 and the metal refractive
index is according Johnson and Christy. (a) The Ex of the fundamental mode. (b) The Ex of the
second order mode. (c) The Ey of the fundamental mode. (d) The Ey of the second order mode.
(e) The Ez of the fundamental mode. (f) The Ez of the second order mode.
Characteristic impedance is a very important parameter for any transmission line. This
parameter plays a major role when matching the different sections of a circuit. The characteristic
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impedance of the nanostrip plasmonic transmission line is calculated according to equation
(108). The integration of the electric field is from one metal side towards the other, while the
magnetic field is integrated along a closed loop circulating the strip. Two different full-wave
solvers, namely Lumerical [35] and Comsol [36], are used and compared. The percentage
difference between the results of the two solvers is sufficiently low, as shown in Fig. 11, where
the effective refractive index and the characteristic impedance of the fundamental mode are
plotted versus the width of the Ag, with permittivity according to [4], nanostrip whose thickness
is t = 30 nm, with dielectric layer of n = 1.5 with thickness d = 30 nm at 193.54 THz.
∞

V
Z= =
I

∫ E.dl

(108)

−∞

v∫ H .dl

(a)
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(b)

(b)

Fig. 11. Propagation characteristics of a nanostrip transmission line versus the width of the Ag
strip whose thickness is 40 nm, the permittivity of Ag is according to [4], the insulator has
refractive index 1.5 with thickness 40 nm, at 193.54 THz: (a) effective refractive index, and (b)
characteristic impedance.(c) the losses
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5.1

Artificial Neural Network (ANN) Modeling of Nanostrip Plasmonic Line
17B

Unlike the laterally infinite MI, MIM, and IMI, the propagation characteristics of plasmonic
transmission lines with finite lateral dimension have no closed form expressions. Such structures
have to be solved using full-wave numerical solvers that mesh the structure into small segments
and solve the corresponding eigen value problem. This approach is computationally inefficient as
it takes a few minutes to solve single transmission line structure. If several iterations have to be
performed within an optimization algorithm, the situation becomes worse. In this thesis, an
efficient new model based on Artificial Neural Network (ANN) is introduced. The ANN is
trained using limited and well-selected representative set of valid solutions. The response time of
a trained ANN is in the order of few milli seconds instead of the few minutes required by the
full-wave solvers. In addition to the huge time saving gained by the ANN when solving the
forward problem, it can be easily trained, using the same input-output patterns, to solve the
inverse problem. Doing so, the new ANN can provide the geometrical dimensions of the
plasmonic transmission line that lead to specific propagation characteristics. The development of
an ANN model requires three major steps: 1) generating the training and validation input-output
patterns, 2) train and test the ANN, and 3) extract the closed-form expression representing the
trained ANN. Two ANNs are prepared for modeling the nanostrip line. The first ANN is limited
to a wavelength of λ = 1.55 µm, which is commonly used in optical communication system. The
second ANN is generalized to deal with different wavelengths centered around 1.55 µm, and to
consider different metals and dielectrics forming the transmission line. The data used for
developing the simplified ANN that works at single wavelength, is uniformly distributed along
the three-dimensional input space. As for the generalized ANN, the input space is hybrid multidimensional along which taking uniform samples covering the entire space is unaffordable as it
requires huge number of points. Consequently, random samples are used to train the generalized
ANN.
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5.2

The Simplified ANN at 1.55 µm Wavelength with Fixed Material Properties
18B
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Fig. 12. The block diagram for the ANN for the simplified nanostrip case
The topology of the proposed simplified ANN model is shown in Fig. 12. This simplified neural
network is designed for operation at constant wavelength, which is 1.55 µm, and disregards the
possible variation in the dielectric insulator type. The selected insulator has refractive index of
1.5. The metal used to realize the strip and the ground plane is silver, whose permittivity is
provided in [4]. The inputs of the ANN are the geometrical dimensions of the nanostrip line,
which are: width of the strip (w), thickness of the strip (t), dielectric thickness (d). The substrate
is silicon, which is not performing major role in specifying the characteristics of the transmission
line due to the presence of the ground shield. The outputs of the ANN model are the propagation
characteristics of the fundamental mode of the nanostrip line. These characteristics include the
effective refractive index (neff), and the characteristic impedance (Zc). Another important
propagation characteristic is the attenuation constant (α). The inverse of this constant represents
the propagation length (Lprop) along which the field magnitude decay by a factor of (1/e). It has
been noticed that the attenuation constant shows little variation along the input space of interest.
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Its value fluctuates around an average value of 0.7 dB/µm. Hence, it will be provided as an
average value rather than an output of the ANN.
The data patterns used to train and test the simplified ANN model are shown in Fig. 13
and Fig. 14. As the insulator thickness, d, increases the ratio of the dielectric to metal volumes
carrying field increases. This reduces the effective refractive index (neff), as confirmed by Fig.
13. Here it should be noted that at relatively high frequency, the fields can penetrate the metal to
some extent as the skin depth is not extremely small as in the microwave range of frequencies.
The calculated skin depth of Ag at the wavelength of 1.55 µm is 5 nm. The variation of the
nanostrip’s dimension, w, has minor effect on the effective refractive index, as shown in Fig. 13.
As long as the thickness t is significantly higher than the skin depth of the metal, the effect of t
will be minor.
As the insulator thickness (d) increases the equivalent capacitance (C) of the nanostrip
line decreases as the spacing between the two metals forming the capacitance increases. This
results in an increase in the characteristic impedance (Zc), which is proportional to

/ . This

trend can be clearly seen in Fig. 14. Similarly, the increase in the strip width (w) results in an
increase in the line’s equivalent capacitance, which leads to a decrease in the line’s characteristic
impedance, as shown in Fig. 14. On the other hand, the increase in the strip’s thickness (t)
slightly affects the equivalent inductance (L) of the nanostrip transmission line. As this
dimension increases, the equivalent inductance slightly decreases [35], and consequently the
line’s characteristic impedance slightly decreases, as confirmed by Fig. 14.
The three-dimensional input space is covered using equally spaced grid points along the 3
input variables, as shown in Fig. 13 and Fig. 14. The sampling range and number of samples
along the three inputs are shown in Table 1. The total number of samples equals 1210
(10×11×11). The corresponding propagation characteristics (ANN outputs) are obtained using
Comsol. The total number of input/output patterns is then divided into three groups: of the 400
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samples for training, 400 samples for validation, and the remaining 400 are used for testing. The
classification of the three groups is done on random basis without replacement.
The classical Multilayer Perceptron MLP of two hidden layers with three and five nodes,
are used. The training method used is Levenberg-Marquardt which is recommended for smooth
least squares objective functions and network architectures with a small number of weights. The
target error function used is profit loss error function.
Table 1. Sampling Ranges and Steps along the Input Three-Dimensional
Space of the Nanostrip Simplified ANN.
Range
Input
(start : step : end)
w: metal strip width

50 : 50 : 500 nm

t: height of dielectric layer

15: 2 : 35 nm

d: height of the metal layer

20 : 2 : 40 nm

For the test patterns, the outputs of the ANN are compared with the corresponding correct
outputs in Fig. 15 and Fig. 16. It can be noticed that the ANN predicts the required outputs with
very good accuracy. Quantitatively, the performance of the trained ANN is evaluated using the
absolute percentage error, ARE, which is expressed as follows:
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ARE =

1 i =1 yi − xi
∑
n i = n xi

(109)

where n is the number of test samples, yi is the ANN output for sample , and xi is the actual
correct output for sample i. The ARE for predicting both outputs, neff and Zc, are plotted versus
the test pattern order in Fig. 17. The maximum ARE are 0.5% and 12% for neff and Zc,
respectively. The ARE of neff is sufficiently low, which indicates successful prediction of its
value. On the other hand, the ARE of Zc is relatively high if compared with that of neff. Further
optimization of the ANN number of nodes and/or layers in addition to number and distribution of
training patterns, can lead to better accuracy.

(a)
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(b)
Fig. 13. (a) Effective refractive index of the fundamental mode simulated by Comsol versus the
dielectric height d and strip width w. (b) Effective refractive index of the fundamental mode
simulated by Comsol versus the metal height t and strip width w
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(a)

(b)
Fig. 14. (a) Characteristic impedance Zc of the fundamental mode simulated by Comsol versus
the dielectric height d and strip width w. (b) Characteristic impedance of the fundamental mode
simulated by Comsol versus the metal height t and strip width w.
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(a)

(b)

Fig. 15 (a) Effective refractive index of the fundamental mode simulated by Comsol and ANN
versus the dielectric height d and strip width w. (b) Effective refractive index of the fundamental
mode simulated by Comsol and ANN versus the metal height t and strip width w.
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(a)

(b)

Fig. 16 (a) Characteristic impedance Zc of the fundamental mode simulated by Comsol and
ANN versus the dielectric height d and strip width w. (b) Characteristic impedance Zc of the
fundamental mode simulated by Comsol and ANN versus the metal height t and strip width w.
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Fig. 17. The absolute percentage error (ARE) in the prediction of outputs of the simplified ANN
for single nanostrip plasmonic line.
Based on its internal structure, the nonlinear mapping performed by the trained ANN can
be always written in the form of a closed form matrix expression. The selected ANN type is
MLP, which uses tan sigmoid functions for the hidden layers and linear functions for the output
layer. Consequently, the closed-form expression representing the ANN should take the following
form:
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U = Wi x + bi
2
−1
1 + e −2U m

(111)

⎞
T
⎟ = wo G + bo
⎠

(112)

Gm =

⎛ zc
⎜
⎝ neff

(110)

where [wi], [wo], [bi], and [bo] are (5X3) matrix, (5X2) matrix, (5X1) vector, and (2X1) vector,
respectively. These matrices and vectors are listed in Appendix A. Um and Gm are single
elements of the matrix [U] and [G], respectively. The vector [x] is the input vector, which is
expressed as follows:

⎛ w⎞
⎜ ⎟
x=⎜ t ⎟
⎜d ⎟
⎝ ⎠
5.3

(113)

The Generalized ANN with Variable Wavelength and Material Properties
1

As mentioned before the generalized ANN is concerned not only with variation in the
geometrical dimensions of the nanostrip line, but also takes into account the variation in
wavelength and the material properties. Fig. 18 shows the input-output topology of the proposed
generalized ANN model. For such multi-dimensional input space, it is more convenient to take
the samples along the input space on random basis. Table 2 shows the range of each input and
the sampling step along each range. Using uniformly distributed random number generator, 1000
samples out of the overall possible 800 million grid points are calculated using Comsol to obtain
the corresponding neff and Zc. These 1000 input-output patterns are then divided into 3 groups as
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follows: 300 patterns for training, 300 patterns for validation, and the remaining 400 patterns are
reserved for testing. The classification into the three groups is random without replacement. A
single ANN is used to perform the required non-linear mapping between the input and output
spaces. The classical Multilayer Perceptron (MLP) with one hidden layers of 10 nodes is used.
The selection of the optimal number of hidden nodes of the second layer is done based on
experimental argument. The ARE of the generalized ANN is evaluated for different number of
hidden nodes, and plotted in Fig. 19. It can be seen that the ARE decreases significantly with the
number of nodes until 10 nodes. As the number of nodes exceeds 10, the ARE saturates. Hence,
10 nodes are used to have good accuracy accompanied by low ANN response time.

Input Layer

Hidden Layer
Output Layer

W

neff

t
d
Zc

λ
k
l
n

Fig. 18. The block diagram for the ANN for the generalized nanostrip case
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The training method used is Levenberg-Marquardt, which is recommended for smooth least
squares objective functions and network architectures with a small number of weights. The target
error function used is profit/loss error function. The performance of the trained ANN is evaluated
using the ARE defined in equation (109).
Table 2. Sampling Ranges and Steps along the Input Hybrid Space
of the Nanostrip Generalized ANN (only 1000 samples are randomly selected).
Range
Input
(start : step : end)
w: metal strip width

50 : 50 : 500 nm

h: height of dielectric layer

15: 2 : 35 nm

t: height of metal layer

20 : 2 : 40 nm

λ: wave length

1000 : 100 : 2000 nm

k: real part of the refractive index of
metal
l: imaginary part of the refractive index
metal
n: refractive index of the dielectric
insulator

0.1 : 0.01 : 1

1.5 : 0.1 : 16

1 : 0.05 : 3
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Fig. 19 . The ARE of the ANN evaluated at different number of hidden nodes.
The neff and Zc of nanostrip lines with different geometrical dimensions, frequency and
material type are plotted versus the test pattern order in Fig. 20, as obtained using Comsol and
the proposed trained ANN. The ARE in the prediction of these propagation characteristics are
plotted versus the test pattern order in Fig. 21. The maximum ARE is about 1.5% and 7% for neff
and Zc, respectively. This proves the validity of the proposed generalized ANN model. It is worth
mentioning that the calculation of 1000 patterns using Comsol takes about 48 hours compared to
just three seconds using the trained ANN.
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(a)

(b)
Fig. 20. The nanostrip line characteristics versus the test pattern order obtained using both
Comsol and ANN. (a) effective refractive index, neff. (b) characteristic impedance, Zc.
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Fig. 21. The ARE in the prediction of the neff and Zc versus the order of the test pattern.
Based on its internal structure, the nonlinear mapping performed by the trained ANN can
be always written in the form of a closed form matrix expression. The selected ANN type is
MLP, which uses tan sigmoid functions for the hidden layers and linear functions for the output
layer. Consequently, the closed-form expression representing the ANN should take the following
form:

62

U = Wi x + bi
2
−1
1 + e −2U m

(115)

⎞
T
⎟ = wo G + bo
⎠

(116)

Gm =

⎛ zc
⎜
⎝ neff

(114)

where [wi], [wo], [bi], and [bo] are (10X7) matrix, (10X2) matrix, (10X1) vector, and (2X1)
vector, respectively. These matrices and vectors are listed in Appendix A. Um and Gm are single
elements of the matrix [U] and [G], respectively. The vector [x] is the input vector, which is
expressed as follows:

⎛ w⎞
⎜ ⎟
⎜t⎟
⎜d ⎟
⎜ ⎟
x = ⎜λ ⎟
⎜k⎟
⎜ ⎟
⎜l⎟
⎜n⎟
⎝ ⎠

(117)
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6

COUPLED NANOSTRIPS PLASMONIC TRANSMISSION LINE
7B

Several plasmonic transmission lines have been presented in literature, such as infinite metalinsulator (MI) [38][39], infinite metal-insulator-metal (MIM) [42][49], infinite insulator-metalinsulator (IMI) [42][49], nanoalstrip [39][40][43], nanoslot [48], tapered nanostrip [46], grooved
slot [44], dielectric loaded metal film [41], and many other combination of these primitives. The
single nanostrip line is investigated in the previous section. In this chapter, we investigate a
coupled nanostrip line with grounded plan in the plasmonic range for the first time. A new ANN
model for this line is introduced for the first time as well. In this chapter, another strip is located
beside the original to form what is called coupled nanostrips plasmonic transmission. Since there
is a ground plane below the two strips, two propagating modes are possible for such structure.
The first mode, even from the point of view of the longitudinal currents along the strips, is very
similar to the fundamental mode of the single nanostrip line. The field of this mode is confined
mainly in the dielectric substrate between the two strips and the ground plane. The second mode
has odd longitudinal currents along the two strips, with electric field confined mainly between
the two strips. The ground plane does not play a major role in guiding the field for the odd mode.
Hence, it is very similar to the single mode of the coupled strips line without a ground plane. The
odd mode is very suitable for sensing applications as it allows the unknown material to fill the
spacing between the two strips, which gives rise to significant change in the propagation
characteristics. This change in the line’s characteristics makes it possible to detect the type of the
unknown material via good calibration. The odd mode of the coupled nanostrips is similar to the
single mode of the nano slot line, where the field is confined within the hollow spacing between
the two half-infinite coplanar metal planes. Such structure also allows an unknown material to be
sensed to fill the spacing between the two metal sides guiding the field.
The coupled nanostrips plasmonic transmission line under investigation is shown in Fig.
22. The structure consists of two finite metal strips with width (w), height (t), and spacing (s).
The two strips are located on top of a dielectric insulator with thickness (h), backed with laterally
infinite metal plate placed on top of a passive carrier substrate. This substrate does not play a
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significant electromagnetic role due to the presence of the ground metal plate on top of it. The
two propagating modes supported by this coupled nanostrips structure are plotted in Fig. 22, as
calculated using CST [47] at λ = 1.55 µm, w = 100 nm, s = 100 nm, t = 100 nm, using Ag [4] as
metal and dielectric of refractive index 1.5.
The left-hand side mode is the even mode, in which the two strips are uncoupled and the
mode pattern can be considered as the in-phase doubling of the mode of the single nanostrip line
that has been studied in the previous section. The main electric field component of this mode is
the vertical Ey component within the substrate between the two strips and the ground plane, as
shown in Fig. 22(h). The longitudinal electric field component, which is proportional to the
current flow of the transmission line, is shown in Fig. 22(f). This figure reveals that the current
is flowing in the same direction in the strips, and opposite to the current flow along the ground
plane.
For the second mode, whose modal field distribution is plotted in the right-hand side of
Fig. 22. The two strips are strongly coupled to each other, while the coupling between them and
the ground plate is relatively weak. The main field component of this mode is the horizontal Ex
component, as shown in Fig.

22(i). The modal longitudinal current distribution which is

proportional to the longitudinal electric field component is shown in Fig. 22(g). It can be easily
seen that the currents in the two strips are opposite to each other. Relatively weak current is
flowing within the ground plane with zero net resultant.
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(d)

(e)
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(h)

(i)

Fig. 22. (a) Physical structure of the coupled nanostrips plasmonic transmission line (b) Ex
component of the even mode. (c) Ex component of the odd mode. (d) Ey component of the even
mode. (e) Ey component of the odd mode. (f) Ez component of the even mode. (g) Ez component
of the odd mode. (h) Electric field vector of the even mode. (i) Electric field vector of odd
mode.
The unique feature of plasmonic transmission line is the relatively high metallic losses
and the strong dependency on frequency, i.e. dispersion, due to the behavior of the permittivity
function of metals at optical frequencies. This permittivity function has real and imaginary parts.
Both of these parts are strongly dependent on frequency [4]. These material properties have
strong effects on all propagation characteristics of all plasmonic transmission lines.
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λsp

Fig. 23. The effective refractive index of the even and odd mode of the coupled nansotrips
plasmonic transmission line versus wavelength The metal strips and ground plane are Ag with
permittivity according to Johnson and Christy [4]. The dielectric refractive index is 1.5. The
structure dimensions are as follows: w = 100 nm, s = 100 nm, t = 100, and h = 100 nm.
Fig. 23 shows the effective refractive index of both even and odd modes of the coupled
nanostrips line versus wavelength. As demonstrated before, the field of the even mode is mainly
confined within the dielectric layer whose refractive index is higher than the air spacing between
the two strips within which the field of the odd mode is mainly confined. Consequently, the
effective refractive index of the even mode is higher than that of the odd mode, as shown in Fig.
23. The effective refractive index of the two propagating modes are not reaching infinity at ω =

ωsp. Instead, these indexes are folding back and crossing the ωsp vertical line, which is shown
drawn in Fig. 23. This behavior has been seen before for the dispersion curves of the laterally
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infinite MI and MIM waveguides. Unlike the ideal Drude model of Ag, the imaginary part of its
measured permittivity function shows rapid increase at ωsp, which prevents the modal refractive
index from approaching infinity and forces it to fold back, as shown in Fig. 23.
The propagation losses of both modes of the same coupled nanostrips line are plotted
versus wavelength in Fig. 24. The loss is calculated using Lumerical. At λ = 1.55 µm, which is
the wavelength commonly used in optical communication systems, the propagation loss of both
modes is 5 dB/cm. Such value is relatively low, which results in relatively long propagation
length. This property makes the two propagating modes of this coupled nanostrips line attractive
for realizing optical circuits.
Now, the wavelength is fixed at 1.55 µm, while the spacing between the two strips (s),
and the thickness of the dielectric layer (h), are varying. Fig. 25 and Fig. 26 show the effective
refractive index of the two modes versus s and h, respectively, as calculated using both
Lumerical and Comsol. Both software agree very well with each other, which validates the
presented results. Due to the difference in the refractive index of the medium mainly carrying the
field for the modes, their effective refractive indexes are different. This medium is the dielectric
between the strips and ground plane for the even mode, while it is the air between the two strips
for the odd mode. Consequently, the effective refractive index of the even mode is always higher
than that of the odd mode, as confirmed by Fig. 25 and Fig. 26. As the dielectric thickness
become sufficiently high, the refractive index of the odd mode approaches the value of a coupled
strips line without a ground plane. This asymptotic line is shown dotted in Fig. 25. As for the
even mode, the significant increase in the dielectric thickness forces this mode reach the
asymmetric mode of slot line without grounded plane.
As the spacing between the strips is sufficiently high, the odd mode does not effectively
exist. Both modes converge to the single nanostrip line fundamental mode, as shown dotted in
Fig.

26. At very small slot width the even and odd modes approach the symmetric and

asymmetric modes of the single nanostrip line, respectively.
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λsp

Fig. 24. The propagation loss of the even and odd modes for the coupled nanostrips line
versus the wavelength.

71

Fig. 25. The effective refractive index of the even and odd modes for the coupled nanostrips
line versus the dielectric height h with n = 1.5 using Ag as metal, calculated at λ = 1.55 µm,
with w = 100 nm, s = 100 nm, and t = 100 nm.
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Fig. 26. The effective refractive index of the even and odd modes for the coupled nanostrips
line versus the spacing between the strips s, using dielectric with n = 1.5 together with Ag as
metal calculated at λ = 1.55 µm, with: w = 100 nm, h = 100 nm, and t = 100 nm. The
simulation is done using Lumerical.

6.1

The Artificial Neural Network (ANN) Model for the Coupled Nanostrips Line
20B

The procedure for developing the ANN model of the coupled nanostrips line is the same as that
followed for the single nanostrip case. This procedure consists of three major steps: generating
the training and validation input-output patterns, training of the ANN and testing, and finally
extract the corresponding closed-form expression that represents the non-linear mapping between
the input and output spaces. Similar to the single nanostrip line, two ANNs are developed for the
coupled nanostrips line. The first ANN is relatively simple as it works at a single wavelength of
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1.55 µm with fixed material properties. The second ANN is generalized to deal with variable
wavelength and different metal and dielectrics.

6.2

Simplified ANN Model for the Coupled Nanostrips Transmission Line
21B
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Fig. 27. The block diagram for the ANN for the simplified coupled nanostrip case

The input space of this ANN is four-dimensional formed from the strip width (w),
spacing between strips (s), strip and ground plane thickness (t), and dielectric height (h), as
shown in Fig. 27. The output space is also four-dimensional, as it consists of the effective
refractive index (neff) and characteristic impedance (Zc) of both the even and odd modes, see Fig.
27. The selected range for each input is sampled using five samples, according to Table 3.
Hence, the total number of input samples is 54, which equals 625 samples. The corresponding
line characteristics, i.e. outputs, are calculated using Comsol. Since the behavior of the even
mode of this line is very similar to the single nanostrip line fundamental mode, only the variation
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of the odd mode’s characteristics with the line’s geometrical parameters are displayed in Fig. 28,
Fig. 29, Fig. 30, and Fig. 31.The effective refractive index of the odd mode is decreasing as the
spacing between strips (s) and the dielectric height (h) are increasing. This behavior can be
attributed to the increase in the ratio of the dielectric volume to metal volume carrying fields. On
the other hand, the width of the strip (w) and the metal thickness (t) have minor impact on the
effective refractive index as long as the metal thickness (t) is well above the skin depth.

Fig. 28. Effective Refractive index of odd mode versus dielectric height h and slot width s
simulated by Comsol.
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Fig. 29. Effective Refractive index neff of odd mode versus metal height t and metal width w
simulated by Comsol.

Fig. 30. Characteristic Impedance Zc of odd mode versus dielectric height h and slot width s
simulated by Comsol.
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Fig. 31. Characteristic Impedance Zc of odd mode versus metal height t and metal strip width w
simulated by Comsol.
As for the characteristic impedance, the equivalent capacitance between the two strips
increases as the strip thickness (t) increases or the spacing between strips (s) decreases. This
results in a decrease in the odd mode characteristic impedance. In parallel with this dominant
capacitance, there are two other parallel minor capacitances between the two strips and the
ground plane. These capacitances increase as the strip width (w) increases or the dielectric height
(h) decreases. Consequently, the characteristic impedance decreases. It can be seen that the effect
of (t and s) is more pronounced than the effect of (w) and (h), as the capacitance between the
strips is dominant for the odd mode.
The total 625 input-output patterns are divided to 3 groups of the following sizes: 300
samples for training, 265 samples for validation, and the remaining 60 samples for testing. The
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classification into the three groups is performed randomly without replacement. Classical
Multilayer Perceptron (MLP) with one hidden layers of ten nodes, four outputs, is used. The
training method used is Levenberg-Marquardt which is recommended for smooth least squares
objective functions and network architectures with a small number of weights [20]. The target
error function used is profit loss error function.
Table 3. Sampling Ranges and Steps along the Input Four-Dimensional
Space of the Coupled Nanostrips Simplified ANN.
Range
Input
(start : step : end)
w: width of the metal strips

40 : 40 : 200 nm

s: separation between the metal strips

40 : 40 : 200 nm

h: height of the dielectric layer

40 : 40 : 200 nm

t: thickness of metal layers

40 : 40 : 200 nm

The exact and ANN predicted effective refractive index of the odd mode versus the
spacing between the strips (s) for different values of the dielectric height (h), are plotted in Fig.
32. It has been demonstrated before that the other two geometrical parameters t and w, have
negligible impact on the refractive index. Good agreement can be seen between the outputs of
Comsol and ANN. The characteristic impedance of the odd mode is plotted versus the spacing
between the two strips (s) for different values of dielectric height (h) in Fig. 34. The other two
geometrical parameters, w and h, have less effect on the characteristic impedance, as shown in
Fig. 34. The reasonable agreement between Comsol and the trained ANN in evaluating the
characterisirtc impedance, as clear in Fig. 34 and Fig. 35, validates the proposed ANN model.
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Fig. 32. Effective Refractive index of odd mode versus dielectric height h and slot width s
simulated by Comsol and ANN.

Fig. 33. Effective Refractive index neff of odd mode versus metal height t and metal width w
simulated by Comsol and ANN.
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Fig. 34. Characteristic Impedance Zc of odd mode versus dielectric height h and slot width s
simulated by Comsol and ANN.

Fig. 35. Characteristic Impedance Zc of odd mode versus metal height t and metal strip width w
simulated by Comsol and ANN.
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Towards more quantitative evaluation of the ANN performance, the Absolute Percentage
Error (ARE) is calculated according to equation (109), and plotted versus the test pattern order in
Fig.

36. These test patterns include results for the even mode of the coupled nanostrips

plasmonic transmission line. The maximum AREs for predicting neff and Zc are less than 4% and
10%, respectively. These figures reveal that the prediction of neff is very good, while that of Zc is
acceptable. Better accuracy can be obtained by further optimizing the number and distribution of
the test patterns as well as the number of nodes used in the ANN. From the computation time
point of view, the calculation of whole 1000 input-patterns consumes 48 hours and 3 seconds
using Comsol and ANN, respectively.

Fig. 36. The absolute percentage error (ARE) in predicting neff and Zc of the even mode versus the test
pattern order.
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Now, the non-linear mapping performed by the trained ANN between the inputs and
outputs, can be written as a closed-form expression. The ANN is of the MLP type which uses
tan-sigmoid functions for the hidden layer together with linear output functions. Consequently,
ANN’s close-form expression is as follows:

U = Wi x + bi
Gm =

(118)

2
−1
1 + e −2U m

(119)

⎛ ze
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(120)

are the characteristic impedance of the even and odd modes, respectively, while
are effective refractive index of these two modes. where [wi], [wo], [bi], and [bo]

are (10X4) matrix, (10X4) matrix, (10X1) vector, and (4X1) vector, respectively. These matrices
and vectors are listed in Appendix A. Um and Gm are single elements of the matrix [U] and [G],
respectively. The vector [x] is the input vector, which is expressed as follows:

⎛ w⎞
⎜ ⎟
h
x=⎜ ⎟
⎜s⎟
⎜ ⎟
⎝t⎠

(121)
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6.3

Generalized ANN Model for the Coupled Nanostrips Transmission Line
2B
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Fig. 37. The block diagram for the ANN for the generalized coupled nanostrip case
The generalized ANN model takes into account not only the variation in geometrical dimensions,
but also the differences in wavelength and metal and dielectric properties, according to the
topology shown in Fig. 37. The input space of the generalized ANN is eight-dimensional. The
variables that constitute this space, together with the range and the sampling frequency along
each variable, are shown in Table 4. A total of 1000 input-output patterns are prepared using
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Comsol. These patterns are divided into three groups of the following sizes: 450 patterns for
training, 450 patterns for validation, and the remaining 100 patterns are for testing. The
classification into these three groups is performed randomly and without replacement. The
classical Multilayer Perceptron (MLP) is adopted, with one hidden layer of 20 nodes. As
mentioned before, Levenberg-Marquard is recommended for smooth least squares objective
functions and network architectures with a small number of weights [20]. This is typical our
case. The target error function used is profit loss error function.
Table 4. Sampling Ranges and Steps along the Input Eight-Dimensional
Space of the Coupled Nanostrips Generalized ANN.
Range
Input
(start : step : end)
s: spacing between the two strips

40 : 40 : 200 nm

w: width of each strip

40 : 40 : 200 nm

d: height of the dielectric layer

40 : 40 : 200 nm

t: thickness of the metal layers

40 : 40 : 200 nm

λ: wavelength

1000 : 100 : 2000 nm

k: real part of the refractive index of
metal layers

0.1 : 0.01 : 1

l: imaginary part of the refractive index
metal layers

1.5 : 0.1 : 16

n: refractive index of the dielectric layer

1 : 0.05 : 3
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Fig. 38 shows the effective refractive index and characteristic impedance, respectively,
as obtained using both Comsol and ANN versus the test pattern order. The test patterns include
both even and modes of the coupled nanostrips plasmonic transmission line. More quantitative
comparison between ANN and Comsol can be performed by calculating the ARE according to
equation (109). This ARE is plotted versus the test pattern order in Fig. 39. The maximum ARE
in the prediction of neff and Zc are 7% and 10%, respectively. Similar to the previous ANNs, the
ARE of the characteristic impedance is relatively high. Further research needs to be performed
for reducing down this figure. Possible ways to achieve this target is to split the ANN that
produces both neff and Zc into two ANNs that produce single output. In addition, the number and
distribution of the test input samples can be further optimized. Moreover, the variation of the
number of hidden layers and nodes in each layer can be investigated. Finally, radial basis
function ANN needs to be investigated. The computation time needed for calculating 1000
patterns using Comsol is about 48 hours compared to just 3 sec if the trained ANN is used.
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(a)

(b)

Fig. 38. Propagation characteristics of the coupled nanostrips plasmonic transmission line versus
the test pattern order as calculated using both Comsol and the generalized ANN: (a) effective
refractive index, and (b) characteristic impedance.
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Fig.

39. The absolute percentage error (ARE) in the generalized ANN prediction of the

propagation characteristics of the coupled nanostrips line versus the test pattern order.

Based on its internal structure, the nonlinear mapping performed by the trained ANN can
be always written in the form of a closed form matrix expression. The selected ANN type is
MLP, which uses tan sigmoid functions for the hidden layers and linear functions for the output
layer. Consequently, the closed-form expression representing the ANN should take the following
form:
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U = Wi x + bi
Gm =

(122)

2
−1
1 + e −2U m

(123)

⎛ ze
⎞
⎜ e ⎟
⎜ N eff 1 ⎟
T
⎜z
⎟ = wo G + bo
⎜ o
⎟
⎜ No ⎟
⎝ eff 2 ⎠

(124)

where [wi], [wo], [bi], and [bo] are (20X8) matrix, (20X4) matrix, (20X1) vector, and (4X1)
vector, respectively. These matrices and vectors are listed in Appendix A. Um and Gm are single
elements of the matrix [U] and [G], respectively. The vector [x] is the input vector, which is
expressed as follows:
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⎛ w⎞
⎜ ⎟
⎜h ⎟
⎜s⎟
⎜ ⎟
t
x=⎜ ⎟
⎜λ ⎟
⎜ ⎟
⎜k⎟
⎜l⎟
⎜⎜ ⎟⎟
⎝n⎠
6.4

(125)

The Coupled Mode Theory for Sensing

According to the coupled mode theory if a superposition of modes is excited at single strip will
excite the odd mode of the second strip to propagate after coupling length Lc (126). The even
and odd modes will keep propagating together and the power will be coupled from one to the
other Fig. 42. If s is reduced to reach the intersection point in Fig. 26, then the difference
between the even and odd effective mode index will be reduced and coupling length will
increase as demonstrated in Fig. 42.
The coupling length is very sensitive to the change in the cladding refractive index. The
change of 10-6 will change the coupling length by few nm.

Lc =

π
βo − βe

=
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λ
2(no − ne )

(126)

(a)

(b)

(c)
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Fig. 40 . The coupling between the even and odd mode is illustrated at different dimension. (a)
The 3D view of the device. The left strip start after 500nm. (b) The power coupled from the
right to the left strip after 6μm at s=100nm and air filling in the slot. (c) The coupling from the
right to left strip after 18μm at s =30nm.
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Fig. 41 . The normalized power swapped between the two modes every 50nm change in wave length.

The projection of the normalized power by the even and odd mode using least square
method is demonstrated in Fig. 41. The power exchanged between the two modes every 50nm
change in the wave length. As the change in wave length will change the difference between the
odd and even mode propagation constant and will change the coupling length as well.
The device is very appropriate for bio logical sensing as it is sensitive to change in slot
filling material refractive index up to 10-6 Fig. 42. The sensitivity of the device is in order of

10μm for change of 0.09 in the refractive index. The sensitivity by change in wave length is in
order of 150nm for change of order 0.1 in refractive index of the cladding material.
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(a)

(b)
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Fig. 42 . (a) The coupling from the right to left strip after 18μm at s =30nm at different values
for cladding refractive index. (b) The normalized power magnitude of the right strip at coupling
length point versus the different wave lengths for different granulites of the cladding refractive
index nc.

6.5

Omega-Shape Polarization Rotator
24B

In this chapter, an efficient polarization converter is introduced based on conversion from even
to odd mode, and vice verse, of the coupled nanostrips plasmonic transmission line. This device
is new and never investigated before in literature. The electric field of the even mode is polarized
mainly vertical within the dielectric layer between the two strips and the ground plane, as shown
in Fig. 22. On the other hand, the odd mode possesses an electric field which is polarized mainly
horizontal within the air spacing between the two strips, Fig. 22. The device is formed by
inserting an omega-shape delay line, along one of the two coupled nanostrips. This results in
converting one mode to the other. The new device is optimized using genetic algorithm to
operate at 1.55 µm. The simulation is done using CST finite-difference time-domain (FD-TD)
full-wave solver and validated with the frequency domain solver of CST, which is based on
finite-element method (FEM) full-wave simulation engine. The study includes sensitivity
analysis for the device main design parameter.
In the domain of optics there are many studies that are concerned with polarization
conversion. An optical TE/TM polarization converter based on non-linear response of optical
semiconductor amplifier is investigated in [49]-[51]. Slanted rip single mode TE/TM structure is
demonstrated in [52]-[53]. Longitudinal periodic structure based on slanted rip is investigated in
[52]-[54]. Two section polarization conversion based on super modes are analyzed in [58]. Pair
of coupled waveguides is used for TE/TM conversion in [59] and [60]. In contrast to photonics,
plasmonic polarization converter is not investigated until recently. A tapered shaped plasmonic
TE/TM converter is presented in [61]. A more complex asymmetric tapered shaped plasmonic
polarization converter within 3 μm length is introduced in [62]. Another compact 5 µm
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plasmonic mode converter is investigated in [63]. Periodic plasmonic structure for TE/TM
conversion is demonstrated in [64].
Many research in the literature of microwave technology investigated the conversion
from TM to TE, TE to TM, and linear to circular polarization. A TE/TM polarization mode
converter based on polyimide half wave plate inserted in waveguide gab is investigated in [40]
with 0.26 dB loss and size of 50 μm at 1.55 μm wavelength. A periodic serpentine structure is
used as azimuthal (TE/TE) mode converter at 11 GHz with 97% efficiency [66]. The conversion
from circular to linear polarization using hexagon shaped stage in rectangle waveguide at 70
GHz with 99% efficiency is reported by [67]. The operation of TE/TM mode converter at
millimeter-wave range in circular waveguide is demonstrated in [68]. Other studies that
investigated the conversion between circular and linear polarization are [69] and [70]. Many
articles have used electro-optical material to design polarization modulator [71][74]. Even
acousto-optic effect is used as well for polarization modulation [75]. A deep theoretical
formulation of S-matrix of horn based polarization stage in rectangle waveguide at 11 GHz is
derived in [76]. Another theoretical study that focuses on numerical simulation of TE/HE
polarization conversion in corrugated circular waveguide showed efficiency of 99% at 70 GHz
[77]. Other studies demonstrated the use of polarization modulator as filter [78] and [79].

(a)
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A

R
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4R
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B

j
(b)

Fig. 43. The omega-shaped polarization rotator: (a) isometric 3D view, and (b) top view.
The proposed polarization rotator is shown in Fig. 43. The two Ag coupled nanostrips
and their Ag ground plane sandwich a dielectric layer with refractive index of 1.45. The crosssectional dimensions of the feeding coupled nanostrips lines are: strip width (w) of 80 nm,
spacing between strips (s) equals 80 nm, thickness of metal (t) is 50 nm, and dielectric thickness
(d) equals 80 nm. One of the strips is continuing all the way from one side to other. For the
second strip, a number of partial rings are inserted, specifically: quarter of a ring, followed by
half-ring, then another quarter of a ring, as shown in Fig. 43 (b). These partial rings altogether
take the shape of omega “Ω”. The radii of these rings are same, which is denoted by R. Hence,
the total length of the omega section is 4R. The proposed device is designed to switch between
horizontally and vertically polarized electric fields via high quality conversion of one mode to
the other. The mode conversion is performed by making difference in path between the two
strips equals half of a wavelength, which corresponds to a phase shift of π, and leads to mode
conversion. The path difference, which can be expressed from the geometry of the device, should
equal half of the guided wavelength of line, as follows:
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L = (2π − 4) R
6.5.1

(127)

Polarization Converter Simulations and Results
25B

Fig. 44 shows the distribution of the longitudinal electric field component along the optimized
device as calculated using CST at a wavelength of 1.55 µm. It can be clearly seen that the odd
mode at the upper port is converted to an almost pure even modes at the lower port. The
conversion is performed using the omega-shaped delay line inserted within the left-hand-side
coupled nanostrips.

Fig. 44 The distribution of the longitudinal electric field component along the optimum omegashape polarization rotator at 1.55 µm wavelength.
The conversion between the even and odd modes of the coupled nanostrips line is best
explained by the generalized scattering (S)-matrix. The scattering parameters in this matrix show
how the incident power carried by certain mode at certain port is divided between all the modes
on all ports. Due to reciprocity theory, some of these S-parameters are identical. The efficiency
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of mode conversion can be best measured using S2(2),1(1) which measures the coupling from
the first mode at port1 into the second mode at port2. This S-parameter is used to optimize the
device radius of curvature R at λ=1.55 µm (f=193.45 THz). The optimum value of R that leads to
maximum S2(2),1(1) is found to be 230 nm, as shown in Fig. 45. This optimum value is used
throughout the simulations performed in this section. The independent S-parameters
characterizing the omega-shape polarization rotator are plotted versus frequency in Fig. 46,
which is calculated using CST. It is clear that the majority of incident power at one port is
transmitted to the other port with mode conversion. The reflection to both modes of the incident
port as well as the transmission to the same mode at the other port are relatively weak and
characterized by S-parameters less than −10 dB, as shown in Fig. 46 . The maximum mode
conversion from mode 1 to mode 2 is S2(2),1(1) = −2.84 dB, while the conversion from mode 2
to 1 is characterized by a maximum value of S2(1),1(2) = −2.83 dB. These maxima occurs at
frequency of 193.45 THz and a wavelength λ = 1.55, as required. The total length of the device is
4R = 920 nm, as shown in Fig. 43.
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Fig. 45. The sweep of S2(2),1(1) in dB S2(2),1(1) is S parameter from port one to port two with
excitation of even mode at port one and output odd mode at port two) as function of the
curvature radius R at the following dimensions s = 80, w = 80, h = 80 and t = 50. The

simulation done by CST full wave solver.

(a)
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(b)

Fig. 46. (a) The generalized S matrix projected by even mode excitation at each port. The
excitation mode is written inside brackets beside the port number i.e S2(2),1(1). The mode one is
the even mode and mode two is the odd mode. The s matrix is evaluated at the optimal radius R
= 230. (b) The same as (a) but for odd mode excitation. The simulation done by CST full wave
solver at the following dimensions s = 80, w = 80, h = 80 and t = 50.
Due to relatively rapid decay of power along plasmonic transmission lines, the insertion
loss of the feeding coupled nanostrips lines connected to the omega-shape rotator should be deembedded. For this reason, the insertion loss of a pure coupled nanostrips line, whose length
equal to the line segments attached to the polarization rotator ports, is calculated. The insertion
loss of both modes, i.e. S2(1),1(1) and S2(2),1(2) are -1.14 dB and -0.76 dB, as shown in Fig.
47. One of the rotator’s lines is carrying odd mode, while the even mode is propagating along the
other line. Hence, to de-embed these lines, the summation of S2(1),1(1) and S2(2),1(2), which is
-1.9 dB, should be subtracted from the insertion losses of the device. Doing so, the corrected
mode conversion insertion losses decreases to be S2(2),1(1) = -2.85 - (-1.9) = -1.95 dB and
S2(1),1(2) = -2.84 - (-1.9) = -1.94 dB. These figures represent the actual mode conversion
insertion losses of the device, after excluding the losses within the transmission line. The
remaining insertion losses are attributed to ohmic losses within the rotator itself in addition to
reflection at the discontinuities and coupling to similar mode.
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(a)

(b)

( C)

Fig. 47. The generalized S matrix of a free line of the same length as the omega shaped device
for reference. The simulation is done by the time domain solver of CST full wave solver (a) The
3D view of the reference free line. (b) The generalized S matrix of the reference line for
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excitation of even mode. (c) The generalized S matrix of the reference line for excitation of odd
mode.
The presented S-parameters of the omega-shape polarization rotator are obtained using
the time domain solver of CST. As some sort of validation for these results, the same device is
re-simulated using the frequency domain solver of CST. The results of both solvers are shown in
Fig. 48, for which the excitation is via mode 1 and mode 2, respectively. Very good agreement
can be seen for the main mode conversion insertion loss S-parameters, i.e. S2(2),1(1) and

S2(1),1(2). The rest of S-parameters are less than -10 dB, which correspond to relatively small
values that are likely affected by variations between the two solvers. Consequently, the
agreement is less good for the rest of S-parameters.
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(a)

(b)

Fig. 48 (a) Generalized S matrix for even mode excitation simulated by TDS: Time Domain
Solver and FDS: Frequency Domain Solver of CST. (b) The same as (a) but for odd mode
excitation. The dimensions of the device are s = 80, w = 80, h = 80, R = 230 and t = 50.
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7

CONCLUSION
8B

This thesis started with the formulation of the dispersion relation of MI, MIM and IMI plasmonic
waveguides according to [3]. The formulation started by the Maxwell’s equations and ended by
the closed form expression of the dispersion relation. This closed form expression is simulated
for Ag/air and Ag/air. The different regions of the dispersion relation, especially near ωsp, is
identified where propagation constant β increases toward infinite and group velocity reachs zero.
As the Ag has significant loss, that can’t be neglected and modeled by the imaginary part of the
permittivity. The propagation constant fold back at ωsp. This is the main feature of metal at the
visible frequency rang.
The simplicity of MI, MIM and IMI plasmonic one dimension confinement make it
appropriate for analytical formulation. In contrast, the waveguides that have two dimension
confinement like strip line is not possible to produce analytical formula for the dispersion
relation. This makes the full wave simulator the only method to get the modal solution for such
structure. The main disadvantage of the full wave solvers, that they require significant large
computational time and memory compared to analytical solution. This is not affordable in case
of multi-dimension optimization of the structure that may require days to be done. This makes
ANN a more appropriate solution to model such structures.
For the first time, an ANN model for the strip plasmonic waveguide is introduced. The
achieved accuracy with respect to the full-wave solvers is acceptable. After training and testing
the ANN, the corresponding close-form expression is obtained. The direct substitution in this
closed-form gives the required characteristics of the plasmonic line much faster than the fullwave solver. The problem of modeling the nanostrip waveguide using ANN is divided into two
separated problems the first one is modeling the neff and Zc as function of strip width (w), metal
height (t) and dielectric height (d). And the model achieved average ARE of 0.1% and 6% for neff
and Zc respectively. The ANN is 3 layers MLP of one hidden layer with tan sigmoid transfer
function and linear output layer. The hidden layer has 5 nodes. The ANN trained using 1200
point simulated by Comsol and selected as equal spaced grid over the 3 dimensions space of
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inputs. The maximum ARE for that case was 0.5% and 12% for neff and Zc respectively. It is
important to mention that the time needed to simulate 1000 different versions of the structure
takes about 48 hours compared to 3 sec using ANN.
The second ANN model of nanostrip waveguide is the same as the first one except that it
is more general as it includes more variables like wavelength and material permittivity. The
second ANN model has one hidden layer of 10 nodes that have tan sigmoid transfer. The output
layer has linear transfer function. The ANN is trained using 1000 training samples generated by
Comsol. The sample is selected in random without replacement. The model achieves maximum
ARE of 1.5% and 7% for neff and Zc respectively and average ARE of 1% and 5%. The ANN
takes 3 sec for solving 1000 different versions of the structure compared to 48 hours needed by
Comsol to solve the same number of structures.
In this thesis also, a new plasmonic waveguide based on coupling two metal strips with
metal plane is introduced. This waveguide contains two fundamental super modes one of them is
even and the other is odd. The advantage of this line is the low loses of the structure that
increases the propagation length. The two bounded modes are simulated using two commercial
mode solvers to validate the results. The sweep of effective mode index with versus different
structure dimensions and the dispersion relation in different regions is investigated with the loss
of the two modes.
The ANN is used to model the characteristics of the coupled nanostrip line as well. There
are two different ANN models. The first model includes 4 inputs which is (t), (h), (w) and (s) and
four outputs neeff, noeff, Zec and Zoc. The model uses MLP with one hidden layer of 10 nodes and
tan sigmoid transfer function. The output layer has linear transfer function. . The ANN is trained
using 625 training sample generated by Comsol. The sample is selected with uniformly spaced
grid of 4 dimensions. The model achieves maximum ARE of 4% and 10% for neff and Zc
respectively and average ARE of 1% and 7%. The ANN takes 3 sec for solving 1000 different
versions of the structure compared to 48 hours needed by Comsol to solve the same number of
structures.
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The second ANN model of the coupled nanostrip waveguide is the same as the first one
except that it is more general as it includes more variables like wavelength and material
permittivity. The second ANN model has one hidden layer of 20 nodes that have tan sigmoid
transfer. The output layer has linear transfer function. The ANN is trained using 1000 training
sample generated by Comsol. The sample is selected in random without replacement. The model
achieves maximum ARE of 1.5% and 7% for neff and Zc respectively and average ARE of 1%
and 5%. The ANN takes 3 sec for solving 1000 different version of the structure compared to 48
hours needed by Comsol to solve the same number of structures.
The main advantage of the ANN models that it can be used to introduce close-form
expression for the characteristics of the waveguides by reverse engineering the ANN structure.
The closed form expression can be used to evaluate the different characteristics and can be
inserted in further formulations as formulating expression for scatter matrix of y and T-shaped
splitters based on nanostrip and coupled nanostrip lines.
The coupled nanostrip line has one exposed slot that can be filled by any type of material
for biomedical sensing. The coupling between the exposed and embedded slot allows sensing the
filling material directly from the substrate. The power exchange between the superposition of
these two modes with different structure lengths is investigated. We optimized the coupled line
structure dimension to improve the sensitivity of the sensor at s = 30nm. The sensitivity of the
device is in order of 10μm for change of 0.09 in the refractive index. The sensitivity by change in
wave length is in order of 150nm for change of order 0.1 in refractive index of the cladding
material.
A new polarization converter is introduced for the first time to the best of the authors’
knowledge. The device is simulated and optimized using full wave solver. The new device has
omega shaped that make conversion between the even and odd phase of the coupled strip by
make difference in length between the different strips. The device is optimized for the line of the
dimensions s = 80, h = 80, w = 80 and t = 30nm at λ = 1.55 µm which is used extensively for
communication channels. The optimization process of the device main parameter R ended by
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S2(2)1(1) = -1.9 dB as maximum at R = 230nm. The generalized S matrix of the device is
presented and projected to different modal excitation. The results are validated by different full
wave solvers. The device has 920nm length which is the smallest in the literature with high
performance.
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8

FUTURE WORK
9B

There are many ideas that can be developed based on the work done in this thesis. First, The
ANN can be used to model more plasmonic waveguides for example dielectric loaded and
coplanar waveguide. These lines are not modeled till now by ANN and still it doesn’t have
closed form expression for the dispersion relation. Second, the closed form expression for the
nanostrip and coupled nanostrip lines to formulate expression for the scatter matrix of the Y- and
T-shape splitter based on these lines. In addition, the performance of the sensor and omega-shape
polarization rotator can be further optimized and modeled using ANN.
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APPENDIX A
10B

The real values for the closed form expression of the nanostrip line simplified ANN model:
Matrix

Wi (5 × 3)

T

Value
0.1004 -0.8060 -0.4635

3.8599 -0.2335

0.6657 -0.2614 -0.0042

0.2399 -0.0340

0.1176

0.6137

0.1489 -0.0878

Wo (5 × 2)T

-0.2069 -0.1666

bi (5 ×1)T

1.1861

1.1220 -0.6820

bo (2 × 1)T

1.2524

1.9808

-1.6850

0.7041 -0.8499

0.5928
0.2093

0.3260 -0.2625 -0.3498 -1.5040
4.3953

0.8568

The real values for the closed form expression of the nanostrip line generalized ANN model:
Matrix

Value
0.8440 -0.0091

Wi (10 × 7)

Wo (10 × 2)

1.7874 -0.8529

0.0342

0.4602

0.6709

-0.2969 -0.5558 -0.0919

0.3597 0.0231 -0.0314 -0.0830

-0.1064 -0.1347

0.0007 -0.1021

0.4524

0.0292 -0.3715

-0.0896 -0.1586 -0.2809 -0.1682 -0.0276 -0.0446

0.7345

-0.0067 -0.4399 -0.1854

0.3034

0.1560 0.1872 -0.0661

0.0130

0.0130

0.0092 -0.0799 -0.0412

0.0130 -0.2991

-0.0465

0.1555

0.1803 -0.1624

0.0135 -0.3457

0.1555

0.1353 -0.0249 -0.1018 -0.0208

-1.2137

0.2394

0.3526

0.0551 -0.4921 -0.0189 -0.4726

-2.7997 -0.0668

0.0714

0.1214 0.0471 -0.0207 -0.1452

-0.0104

0.0398

-0.2124 -0.3120
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0.1143

0.0113

0.0541

0.0520 -0.4949
0.0793 -0.4319
-0.1376

0.4165

-0.0039 -1.0946
0.0308 -1.2058
-1.4494 -0.9517
0.2024

0.0179

1.9751

0.0333

-1.5336
0.2119
1.0511
-1.2110

bi (10 ×1)

-1.2152
0.0082
0.5378
0.5758
-1.7122
-3.6220

bo (2 × 1)T

2.1853

1.3933

The real values for the closed form expression of the coupled nanostrips line simplified ANN
model:
Matrix

Value

Wi (10 × 4)T -0.3049 0.2555 0.6115 -0.0829 0.0990 -0.7088 0.7641 0.7579 0.5325 1.3933

110

-0.6408 -0.0268 -0.1083 -0.0866 -0.0614 -1.5134
0.9568 -2.5533 -2.2243

1.5775 0.2317 1.0503

0.0902

0.0154 -2.1226 3.0278 -3.3129 -0.1070 -0.3008

0.0039

-0.2051 -0.2323 0.6400 -0.6908 -0.1133 -1.1238

1.2585 0.1849 -0.0958

-0.0481 -0.2701

0.1618 -2.0867

0.0844 0.8837 -0.1825

0.1590

1.0291

1.9676 -0.0035

Wo (10 × 4)T 0.3474 0.3583 0.3961 1.5578 0.0930 -3.4018 -3.0778 0.7274 -1.8149 -1.1015
-0.0354 -0.0882 -0.1068 -0.2213 -0.2929
-0.4459

0.4673 -0.1291

0.4126 0.0821 2.4444

bi (10 × 1)T

0.9188 -2.3656 -1.9284 -1.5020

bo (4 × 1)T

0.0947

3.6505

0.1439 0.1344 -1.6276 -0.5011

0.3942

0.1277

2.1498 0.2440 -0.0713 -0.4850

1.4075 -1.4511

1.5385

2.6369

2.8130

1.2171 1.1410

The real values for the closed form expression of the coupled nanostrips line generalized ANN
model:
Matrix

Value
-0.2021 -0.9147 -1.1468 -0.1210 -0.1543

Wi (20 × 8)

0.0272 -0.3481

1.7123

0.4013

1.1049 -2.4784

0.8576 -0.0571

0.2536

0.0130 0.8745

0.4089

0.0030 -0.2737

0.5732 1.0498

0.4694

0.0440 -0.4713

0.8683 -1.4606

0.6393 -0.2508

1.2222

0.2073 -0.1173 -0.2602

-0.3276

0.3164 -0.8740

0.6338

0.0274

0.2647

0.0607 0.7003

-0.1451 -0.0384

1.4304 -0.0241 -0.1687 -0.0058

0.0204 -0.4646

-0.0455

0.1435

0.3011

0.1646 -0.1265

0.0078

0.0362 -0.1576

-0.0043

0.1697 -0.1881

0.0764 -0.0941

0.0026

0.0349

0.3054

0.4322

1.0014 -0.8105 -0.0365 -0.3776

1.6536 -1.2547

1.5826

-0.2496

0.4745 -0.9215

0.1732 0.5206

0.0311 -0.0280 -0.8139

-1.1129 -0.2797

0.3094

0.2215 0.1522

0.0260 -0.0355 -0.0136

0.5969 -1.1292

1.1477

0.1133 0.2785

0.2105 -0.1781 -0.5183

0.4120

0.2254 -0.6989 -0.3644

-0.0267

0.2029 -0.5389

0.0961

0.0326 -0.0243 -0.1308

0.0918 -0.0719 -0.0401
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0.0279 -0.0580

0.1219 -0.2708

0.9092 -0.4574 -0.0220

0.0997 -0.0010

0.0781 -0.1371

0.3678

0.1132

-0.5418 -0.1281

0.1550 -0.7660

0.1682

-0.0967 -0.2780

0.1182 -0.2138

0.9166 -0.0636 -0.1107 -0.6314

0.6112

0.0479 -1.0460

0.9524 -0.5654 -0.2342 -0.2678

-1.9861 -0.8423

0.0544 -0.0490

0.0149

0.1148

0.0219

0.0044 -0.2325

-0.0625 -0.0275 -0.0379

0.0210

-0.0357 -0.0231 -0.0437 -0.0676
0.1052 -0.1560

-0.1559 -0.7431 -0.2216 -0.5800
0.4987 -0.8353
-0.0073

Wo (20 × 4)

0.0226

0.7217 -0.4624

1.2718 -0.0715

-0.0089 -0.0148

0.0015

2.0865
0.0484

0.0311 -0.0943 -0.4056

0.3412 -0.1580

0.2814 -0.0031

0.0354 -0.1041

0.0695

0.3698

0.2828 -0.0899

0.0859

0.0960

-0.4148 -1.5336 -0.1283

0.2607

-0.0385 -0.3256

0.3388

0.0426

-0.2012 -0.0877 -0.5148 -1.1959
1.7124

0.5158

0.7803

0.2802

0.1346

0.0424

0.1345

0.4239

0.2585 -0.3537 -0.2804 -0.0190
0.0147 -0.0127

bi (10 ×1)

0.0654 0.5244

0.0028 -0.0158 -0.2989
0.0169

0.0300 0.4044

0.0848 -0.0471 -1.4294 -0.4059 -0.2751 -1.1828

-0.0599

0.0614 -0.0140

0.5580

0.0609

0.0497

1.7744
-1.7936

112

-0.8544
-0.6802
1.2381
2.0475
0.6578
-0.1064
-0.6432
0.6608
-1.2303
0.0579
1.0550
-0.3074
0.6018
-2.0062
-2.1455
-0.4941
2.0469
-2.5501

bo (4 × 1)T

0.3818

1.1316 -0.2136

0.1801
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